Abstract. Obesity has been associated with an increased risk of postmenopausal breast cancer, which may be due to the expression of leptin. The aim of this study was to determine the role of leptin in the growth of breast cancer cells in nude mice, the proliferation and migration of MCF-7 human breast cancer cells and its downstream signaling pathway. The xenograft mouse model was elicited by injecting MCF-7 human breast cancer cells into the left back axilla and the tumor size was measured every other day. Leptin injected subcutaneously around the tumor site led to an increase in the size and weight of the tumor, whereas the leptin antagonist (LA) significantly inhibited the size and weight of the tumor. Leptin promoted the proliferation and migration of MCF-7 cells and LA inhibited it. The effects of leptin on increasing the size and weight of the tumor in the nude mice and the proliferation and migration of MCF-7 human breast cancer cells were eradicated by pretreatment with LA, the extracellular-signal regulated kinase (ERK) inhibitor PD98059. In the xenograft mouse model the leptin level was increased and leptin increased the phosphorylation of ERK in the MCF-7 cells, whereas LA significantly reduced the phosphorylation of ERK. These results indicated that leptin promotes the growth of breast cancer in the nude mice and increases the proliferation and migration of MCF-7 human breast cancer cells via the ERK pathway.
Introduction
Breast cancer is the most common type of cancer in females (1) , which is associated with genetic background (2), reproductive factors (3), nutrition (4), body composition (5,6) and obesity (7) . It has been demonstrated that obesity increases the risk of breast cancer in postmenopausal females by 30-50%, a high body mass index has been identified to correlate markedly with an increased risk of inflammatory breast cancer in premenopausal and postmenopausal populations (8) . However, the molecular mechanisms of obesity-induced breast carcinogenesis remain unclear.
One hypothesis is that the high levels of adipokines produced by adipose cells may be capable of promoting the development of breast cancer. Leptin is recognized as the most prominent adipokine to correlate with breast cancer. Leptin as a hormone is primarily synthesized and secreted by white adipose tissue and was first cloned in 1994 (9) . Leptin is primarily involved in the regulation of food intake and energy expenditure (10) (11) (12) and is closely correlated with obesity (13) . It has been reported that leptin levels are positively correlated with weight gain (14) . Furthermore, studies have observed that leptin is capable of modulating several other processes, including angiogenesis (15) , fertility (16) and immune response (17) . In addition, evidence suggests that leptin may be involved in tumorigenesis, particularly in the development of breast, colorectal and prostate cancer (8) . Breast cancer patients exhibited significantly higher leptin levels compared with the corresponding controls (18) and the expression of leptin and leptin receptors is more frequent in larger tumors (19) . However, the precise correlation between leptin and breast cancer is not well understood.
Several studies have suggested that leptin activities are mediated through the transmembrane leptin receptor that, upon binding to leptin, is capable of stimulating the Janus kinase/signal transducer and activator of transcription (JAK/STAT), phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) and extracellular-signal regulated kinase (ERK) pathways (20, 21) . It has been demonstrated that leptin is capable of inducing proliferation through the activation of the NF-κB and ERK1/2-dependent pathways in addition to upregulating c-fos expression in colonic epithelial cells (22) (23) (24) . Furthermore, leptin may increase the growth and survival of prostate cancer cells through either the PI3K/AKT or ERK1/2 pathways (25). However, the mechanisms for leptin signaling in breast cancer are unclear. The aim of the present study was to determine the role of the leptin in the growth of breast cancer cells in nude mice, the proliferation and migration of MCF-7 human breast cancer cells and the downstream signaling pathway.
Materials and methods
Mice and xenograft model. Female nude mice (age, 4-6 weeks; average weight, 15-20 g) were purchased from the Chinese Academy of Medical Sciences Laboratory Animal Center. The Leptin promotes the proliferation and migration of human breast cancer through the extracellular-signal regulated kinase pathway mice were housed in a temperature-and humidity-controlled room with a 12-hour on-off light cycle and provided with access to food and water ad libitum. In order to establish the xenograft mouse model, MCF-7 human breast cancer cells were diluted with phosphate-buffered saline (PBS) at a concentration of 5x10 7 cells/ml and 100 µl MCF-7 human breast cancer cells in PBS were injected subcutaneously into the left back axilla of each mouse (26) . Normotensive sham-operated (Sham) mice underwent a similar surgical process, except without the injection of MCF-7 human breast cancer cells. The study was approved by the Ethics Committee of Zhejiang Provincial People's Hospital, Hangzhou, China Tumor size was calculated according to the following formula: Length x width x depth x 0.5236 (27) .
Cells and cell culture. MCF-7 human breast cancer cells were purchased from the Chinese Academy of Medical Sciences Cancer Institute (Beijing, China) and cultured in phenol red-free Dulbecco's modified Eagle's medium (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% charcoal-stripped fetal bovine serum (FBS; Invitrogen Life Technologies). Cells were subcultured every 3-5 days to maintain logarithmic growth until a sufficient number of cells (5x10 7 cells/ml) were obtained for transfer to nude mice.
Western blotting. Cells (5x10 6 ) were lysed in modified RIPA or lysed directly in 1X SDS loading buffer. Following electrophoresis and transmembrane, proteins on a nitrocellulose membrane were probed with the ERK, P-ERK (1:500: Cell Signaling Technology, Inc., Danvers, MA, USA), GAPDH (Bioworld Technology Inc., St. Louis Park, MN, USA) primary antibodies followed by incubation with goat anti-rabbit IgG secondary antibodies conjugated to horseradish peroxidase (1:5000; Immunology Consultants Lab, Portland, OR, USA). The bands were visualized by enhanced chemiluminescence (ECL) (Pierce Chemical Co., Rockford, IL, USA) and captured on X-ray films.
Blood sampling and leptin measurement. Blood samples were collected in a tube containing EDTA-K2. Immediately following centrifugation at 2,000 x g for 10 min (Eppendorf AG, Hamburg, Germany), the plasma was frozen at -70˚C until it was assayed. Leptin concentrations were measured with a leptin enzyme-linked immunosorbent assay (ELISA) kit (Millipore, Billerica, MA, USA) according to the manufacturer's instructions.
Cell proliferation assay. Cell proliferation was assessed by bromodeoxyuridine (BrdUrd) incorporation using a BrdUrd ELISA colorimetric assay (Roche Diagnostics, Mannheim, Germany). To determine the proliferation of MCF-7 cells, the cells were initially plated at a density of 2x10 5 per 60 mm dish. Once the cells had been incubated, they were counted using a hemocytometer (Neubauer, Horsham Germany) and subsequently plotted.
Cell migration assay. Cell migration was assessed using Boyden chamber migration assays. Cells (10 5 cells/well) were suspended in 0.5 ml of 1% fetal bovine serum (FBS) minimal essential medium (MEM) and placed in the top chamber of the well; 0.750 ml of 10% FBS MEM was added to the bottom compartment. Following a 48-h incubation, non-migrating cells were scraped from the membrane of the top compartment and cells that had migrated through the membrane were fixed and stained using the Protocol Diff-Quik 3 stain set (Siemens, Munich, Germany). Membranes were excised and mounted on a standard microscope slide (Curtin Matheson Scientific, Inc., Houston, TX, USA). The numbers of cells that migrated were determined from five random high-power fields (HPFs) visualized at x200 magnification.
Chemicals. Leptin was purchased from Sigma-Aldrich (St. Louis, MO, USA). Leptin antagonist (LA) triple mutant rat recombinant was obtained from ProSpec (Ness-Ziona, Israel). PD98059 and the ERK inhibitor, was purchased from Cayman Chemical (Ann Arbor, MI, USA). All chemicals were dissolved in PBS. The doses of leptin, LA and PD98059 in this study were 100 µg/ml, 1000 µg/ml and 20 nmol/ml, respectively.
Statistical analysis. Data were analyzed using SPSS for Windows, version 18 (IBM, Armonk, NY, USA). Comparisons between two observations were assessed using Student's paired t-test. One-way or two-way analysis of variance was used followed by the Bonferroni test for post hoc analysis when multiple comparisons were made. All data are expressed as the means ± standard error. P<0.05 was considered to indicate a statistically significant difference. 
Results
Effects of leptin and LA on tumor size and weight. Injection of leptin subcutaneously around the tumor site caused an increase in the tumor size from nine days following treatment and mean tumor weight after 3 weeks, whereas LA significantly inhibited the size of tumor from 11 days following treatment and the mean tumor weight after 3 weeks compared with PBS (Fig. 1) . The level of leptin in the plasma was higher in xenograft mice compared with sham mice (8.95±1.23 ng/ml vs. 4.73±0.82 ng/ml, P=0.025).
Effects of leptin and LA on cell proliferation and migration.
MCF-7 cells treated with leptin promoted MCF-7 cell proliferation compared with PBS at 48 and 72 h, whereas LA inhibited their proliferation. In Boyden chamber migration assays, leptin induced the migration of MCF-7 cells, whereas LA inhibited their migration (Fig. 2) .
Effects of the ERK inhibitor on tumor size and weight.
The subcutaneous injection of ERK inhibitor PD98059 around the tumor site inhibited the tumor size and the mean tumor weight after 3 weeks compared with PBS, and eliminated the leptin-induced increase in tumor size and weight (Fig. 3) .
Effects of ERK inhibitor on proliferation and migration.
Treatment with ERK inhibitor PD98059 inhibited the proliferation of MCF-7 cells compared with PBS after 48 h, and eliminated the increased proliferation induced by leptin. PD98059 also inhibited the migration of MCF-7 cells compared with the control cells and eradicated the increase in the migration caused by leptin (Fig. 4) .
Effects of leptin and LA on ERK phosphorylation.
Leptin increased the expression of phosphorylated ERK (P-ERK) in MCF-7 cells 2 h following treatment, LA significantly reduced the phosphorylation of ERK in MCF-7 cells compared with PBS (Fig. 5) .
Discussion
Obesity is associated with an increased risk of breast cancer (28) , particularly in postmenopausal females (29,30). Leptin, a polypeptide hormone encoded by the obese gene, is synthesized and secreted primarily by white adipose tissue (9) . As a growth factor in normal and malignant breast cells, leptin is capable of controlling the proliferation of normal and malignant breast epithelial cells (31) . Leptin is a prominent adipokine, which may be associated with breast cancer. The present study demonstrates that leptin promotes the growth of breast cancer in nude mice and increases the proliferation and migration of MCF-7 cells via the ERK pathway.
Leptin and the leptin receptor have been characterized in MCF-7 breast cancer cell lines (32) . Previous studies have demonstrated that immunodeficient mice hosting MCF-7 cells, which were treated with pegylated leptin peptide receptor antagonist 2 exhibited a significant reduction in the growth of tumor explants (33) . In the present study, xenograft mice elicited increased leptin levels in the plasma compared with the sham group, by injecting MCF-7 cells into the left back axilla. Injecting leptin subcutaneously around the tumor site led to an increase in the size of the tumor and the mean tumor weight, whereas LA markedly inhibited the size of the tumor and the mean tumor weight compared with PBS. These results demonstrate that leptin promotes the growth of breast cancer in immunodeficient mice. The additional leptin expressed by the breast cancer cells in the xenograft mice may bind to the transmembrane leptin receptor directly or affect the cancer cells through the blood circulation indirectly to influence the growth of the breast cancer.
It has been demonstrated that co-cultures with human mammary adipocytes increase the viability of MCF-7 cells to a greater extent (34) . Furthermore, the conditioned media from preadipocyte-derived adipocytes, but not that from undifferentiated preadipocytes, increased MCF-7 cell proliferation (35) . Dietary fat increases mammary tumor growth and metastasis, thereby increasing the risk of mortality in obesity-resistant mice (36) . Leptin has been implicated in breast cancer development as a determinant for the tumorpromoting activity of cancer-associated fibroblasts (CAFs) in breast cancer cells. Human CAFs stimulated an increase in the proliferation and migration of breast cancer cells (37) . Fibroblast growth with tumor cells resulted in increased production of chemokines whose source was the CAFs themselves. Chemokines such as leptin produced under these 'mixed' conditions promoted tumor promalignancy activities (38) (39) (40) . The bidirectional cross-talk between breast cancer cells and CAFs drives tumor progression via leptin signaling (37) . In the present study, MCF-7 cells treated with leptin promoted cell proliferation and migration, whereas LA suppressed the proliferation and migration of MCF-7 cells. These results indicate that leptin is associated with obesity-related breast cancer development and progression.
Leptin acts via multiple intracellular signaling pathways, including STAT3, ERK and PI3K/AKT, to modulate cellular and organismal physiology (41) . MAPK and PI3K inhibitors markedly blocked leptin-induced proliferation (42) . In human breast epithelial HBL100 cells and human breast carcinoma-derived T-47D cells, leptin increases the expression of phosphorylated STAT3 and P-ERK (31) . In this study, leptin increased the expression of P-ERK in MCF-7 cells whereas LA significantly reduced the phosphorylation of ERK in the MCF-7 cells. ERK inhibitor PD98059 inhibited the size of the tumor and the mean tumor weight and eliminated leptin-induced tumor size and mean weight increases in nude mice. Furthermore, PD98059 inhibited the proliferation of MCF-7 cells and eradicated the increased proliferation induced by leptin. PD98059 also inhibited the migration of MCF-7 cells and eliminated the increase in migration caused by leptin. These results indicate that the downstream ERK pathway is important in leptin signaling to regulate the growth, proliferation and migration of breast cancer, which is supported by previous findings that the ERK signal transduction pathway is involved the proliferative effect of MCF-7 cells (43) .
In conclusion, leptin promotes the growth of breast cancer cells in nude mice and increases the proliferation and migration of MCF-7 human breast cancer cells. Furthermore, the ERK pathway is important in leptin signaling in order to regulate the growth, proliferation and migration of breast cancer.
